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Abstract

Through the use of fiber optics, a series of
very narrow slits have been constructed and placed
at the exit plane of a spectrograph. Plasma radia-
tion which is dispersed by the spectrograph is

incident on the slits and is transmitted to sepa-

- rate phototubes via the quartz fibers. With this
technique, time resolved measurements of the
spectral shape of the hydrogen H3 line have been
made and used to determine the electron density
of a transient plasma. Data obtained in a shock
tube indicated that the thermodynamic conditions
behind tne reflected shock in a mixture of 20% H_ ~
80% He, at incident shock speeds of 12 to 14 km/Eec
and pressures of 66.6 to 133.3 N/m® (0.5 to 1.0 mm
Hg), correspond to theoretically predicted
conditions. Immediately behind the incident shock

- at speeds of 17 to 24 km/sec the data indicate that
the plasma reached equilibrium then demonstrated a
drop in intensity which has been attributed to
radiative cooling. .

I. Introduction

In conducting experimental studies with high
temperature plasmas it is often more difficult to
specify the thermodynemic and thermochemical
conditions of the plasma than to make the necessary
experimental measurements. In general, one is
required to determine the temperature, the pressure
or bulk density, and the electron density. If the
plasms is not in local thermodynemic equilibrium,
one must also specify the heavy particle tempera-
ture. In transient plasmas, with which this
report deals, the problem is further complicated

by the Tact that the measurements must all be made

over a time period of a few microseconds.

There are meny standard methods of measuring
plasma properties. A good sumary is given in
Ref. 1. These techniques rely on the specific
characteristics of the radiative spectra emitted
By carefully monitoring the
emitted spectra it is possible to determine all
the required properties needed to completely
specify the thermodynamic and thermochemical
conditions of the plasma.

This paper describes a simple new technique
" for making electron density measurements in
transient plasmas. One can also obtain the

" temperature if the pressure or density is known.
Results are presented which demonstrate the
effectiveness and the overall accuracy of the
technique. | . '

II. Determination of Hydrogen H3 Line Shape

Computation of Shape

The presence of electrons and ions in a plasma

" have a large effect on the discrete or line

emission from bound-bound atomic transitions.
Stark broadening of the lines, due to electron and
ion collisions, is the dominant broedening mechan-
ism in singly ionized plasmas (10,000 to

20,000°K) and is strongly dependent on the electron
density and nearly independent of the temperature.
Thus, it is an excellent monitor of the electron
density.

Stark broadened line profiles for hydrogez}
have been computed by Griem, Kolb, and Shen 2 and
are tabulated by Griem(1l), An estimate of ne

- theoretical accuracy is placed at 15%. (3I§ovever y

a later experiment by Hill and Gerardo\J/suggest
that the profile for the B3 line may be much better.

. Their measured profiles agreed to within + 2% of

the calculated profiles.

The HB profile is probably the best known
spectral indicator of the electron density. For
this reason, together with the fact that this line
is located in a favorable position of the spectrum,
it was decided to concentrate on making time
resolved H3 profile measurements. Furthermore, 1if
one at the same time obtains absolute intensity
measurements of the profile, it is possible to
deduce the temperature of the plasma as well.

The procedure used in this study is an.
iterative one where the line profile is experi~
mentally measured and the theoretical profile is
computed assuming a temperature and electron
density. The electron density is then varied until
the calculated line shape matches the measured
shape. The matching criteria used is a least
squares fit between the measured points and the
camputed points.

Following Griem(1), the line shape is given b};
= Sla)
Y F, (1)

where

: 2.6le 2 -9
N (v,) /3 2 1.253 x 109 (ne)a/3 .

¥his work was prepared under contract No. NAST-100 sponsored by thé National Aeronautics

and Spece Administration.

+This is & revision of AIAA paper 72-106.



.48 the field strength for single charged ions, Ne
i8 the electron density in em=3. For an .
isothermal plssma of depth X, in cm, the spectrally
emitted line intensity is

. -S

1 (x) = 5 (1% (2)
vhere S in the line strength, in consistaat units
is

N

N
-4 2 a
S‘\f-'-' 0.8834% x 10 lo glflu (-Q_(ﬂ)

] E-Eﬁ/kT ( e£c /)‘ok'l‘-l)}

The line center wave length, xb, is in cm, the
atom number density, N, is in cm~3; g, is the
lover level statistical weight, £y, is the
absorption oscillator strength, Q(T) is the
partition function, and E_ 1is the upper level
energys u

The line shape parameter, S(x), 'is tabulated
in Ref. 1 at 19 wave length points from the line
center out to a point where the intensity drops to
about 1/20 of the line center intensity. Shapes
are given for four temperatures (5,000, 10,000,
20,000, 40,000°K) and four electron densities
(1014, 1015, 1036, 101Tem~3). For intermediate
values, sn interpoletion scheme was used whereby
the table was interpolated linearly between the
listed temperatures, and logerithmically between
listed electron densities.

The line shape calculations to be presented
account for reabsorption although this effect is
never greater than 10% of the emitted intensity.

- Fmission from other sources, such as the continuum
processes and the extended wings of other lines,
was neglected since they contribute less than 1%
to the linc intensity.

Description of line Shape Measurement Technigue

Spectral measurements of the H3 profile in
plasmas with electron densities of 1016 to 1017
l/cm3 equire e wavelength resolution of at least
2 to 3A. This resolution was obtained by
constructing the fiber optics slit system¥* shown
in Fig. 1. The slit system consists of seven
slits 0.2mm wide and spaced every O.S5mm as shown
in Fig. 2b. The slits are filled with three rows
of quartz fibers approximately 75mm dia. and 30cm
long. 'The fibers from each slit are individually
bundled and can be optically connected tc separate
phototubes. ‘Thus, each phototube monitors the
radiation incident on one of the seven slits,
giving & spatial resolution of O.5umm.

These sliis were placed in the focal plane of
a Jarrel Ash Model 75-000 Plane Grating Spectro-
graph (£/6.3, 0.75m focal length). The grating is
blazed for 50008, is ruled to 1200 groves/mm and
has & reciprocal linear dispersion of epproximately
of/mm (at 4861R). The clit spacing is therefore

. fall on the slits.

k.SR, with each slit viewing a spectral band pasé
of 1.8R.

Slit Function and Aperature Angle

The slit function for the fiber filled slits
has been computed for several cases of fiber
orientation within the slits. The details of the
calculations are presented in Ref. 4. Due to the
large half-width of the I8 line relative to the
slit-width, the slit function has a minor effect
on the measured shape of the line. The slit
function was accounted for by computing the
effective shape of the line as would be seen
through the fiver optic slit system using the
theoretical slit function. Taus, the computed
profiles to be presented include the slit
function correction.

The exit f/number of the spectrograph is 6.3.
In order to collect all the radiation coming from
the spectrograph grating, the slits must have an
aperture angle greater than

1
el _
© = ten " sy = b5 deg

The effective aperture angle of the slits was
measured by allowing a beam of parallel rays to
The transmitted intensity was
monitored as the incident angle was varied. The
intensity was found to drop to half its value as
the angle was varied from O to 12 deg. Taus, the
effective aperature angle is felt to be large
enough to receive all rays incident on the slits
at the spectrograph focal plane.

III. Experimental Procedure and Results
Test Setup

The experimental results to be discussed were
obta%ngd in the JPL Flectric-Arc Driven Shock-
Tubel?). A schematic of the experimental setup
is shown in Fig. 2. The shock velocity and the
quality of the flow behind the shock was monitored
over the two meters of tube just preceding the
test port. The 15.2cm shock tube was 1Ca long,
the testport was located €m from the diaphragm.
The spectrograph was positioned to view a small
region of test gas through a quartz window. The
volume of test gas viewed was small enough to
insure good time resolution as the plasma flows
past the test port.

In addition to the normal straight through
configuration, the shock tube can be operated in
& reflected shock mode by positioning an endplate
several millimeters behind the test port. The
spectrograph thus views the reflected shock region.
With an optical stop placed on the endplate-the
length of test slug viewed could be varied.

" The fiber optics slit system was located at
the exit plane of the spectrograph. Seven RCA 1P28
phototubes were used to monitor the radiation

¥The fiber optics slit system was constructed by the Mosaic Febrications Division of Bendix

Corporation, Sturbridge, Mass.



transmitted through the fiber bundles. The photo-
tube power supply and amplifying circuitry sre
discussed in Ref. 6. The response time of the
phototubes and attendant circuitry is normally
0.1 to 0.2 psec, however, due to an error in the
phototube circuits it was discovered that the
response time for the measurements to be presented
was approximately lysec. This is still sufficient
response time for the present experimental
measurements. ’ .

Calibration

The calibration of the total system was
accomplished by placing & known radiation source
at the center of the shock tube. A spectral wave
length calibration was performed by locating known
atomic lines produced by a Mercury-Cadium gas
lamp. The accuracy of the calibration was such
that the spectral position of the exit slit could
be specified to within 2R.

An sbsolute intensity calibration was performed
using a carbon arc which ha? Seen shown to be a
relisble radiation stendard{7), The intensity
emitted by the arc was assumed to be equivalent
to a 3806°K grey body with en fm%ssivity of 0.97
as proposed by Null and Iozier T), The measured
gizﬁ?a intensity, in Watts/cw® -ym-Ster; is given

'Ik = eBx (f;) (3)
c

where ¢ is the carbon arc emission end EM and E
are the Phototube output voltages for the measure-
ment and the calibration, respectively.

Results

The room temperature composition of the test
ges was & commercial mixture of 20% H, and 80% He,
supplied by the Matheson Co. Inc., CuCamonga, Calif.
A helium rich mixture was used to raise the
resultant plesma temperature, at a given shock
speed, thus, ensuring e large electron concentra-
tion. Profiles of the H3 line were measured
behind the reflected shock wave at incident shock
speeds of 12 to 14 lm/sec, and behind the incident
shock at speeds of 17 to 24 km/sec. This
represents plasma conditions of temperature and
electron density of 11,800 to 15,600°K, and 0.18 x
lOchm'3, respectively.

‘shovn in Fig. 3 is a representative example of
a set of phototube output oscillogrems. These
results are from the reflected shock region for an
initial pressure of 66.6 N/m? (0.5 mmig) and en
incident shock speed of 12.5 km/sec. The
radiative intensity of each slit is displayed as
a function of time along with the output of a
wide band (visible) phototube viewing the test
region. This pnototube is generally used to
indicate the arrival of the shock wave and the
termination of the test at the arrival of the
contact surface, '

The spectral line intensity is seen to lag the
radiation front detected by the wide band tube.
This is st least partially due to the long response
time of the 1P28 circuits. The traces do, hovever,

reach an equilibrium level and indicate a constant
property test slug of at least 12 psec. At an

" $nitinl pressure of 33.3 &/m® (0.25mmip) the test

timec are approximately nulfl as iong, however, the
traces still rcach a plateau and remain constant
for severel psece.

Behind the incident shock, data were obtained
at shock velocities of 17 %o 20 km/sec in
133.3 N/m® (1.0 mm Hg) and 21 to 2k km/sec in
33.3 N/m2. An exemple of this data is shown in
Fig. b for en initial pressure of 133.3 M/m€ end a
shock velocity of 20.0 km/sec. The indiceted test
time is 10 to 12 psec; the intensity fall off will
be discussed in the next section. The test times
for the 33.3 N/m2 data is estimated to be from 4 to
6 ysec. In this case, the "plateau” region was very

.short, on the order of 1 to 2 psec.

IV. Discussion

In order to produce en equilibrium plasma in &
test facility, it is necessary to first have
sufficient time to establish thermodynamic equilib-
rium. This is particle time which is equivalent
to %-to % usec laboratory time (time as indicated
on the oscilloscope trsces). Thus, at all
conditions of the present experiment there is
sufficient test time to allow the plasme to reach
equilibrium within the test slug.

The second equilibrium criterion is that the
electron population be large enough to insure that
the number of excitation collisions (due primarily
to electrons) is much larger than the nusber of de=
excitation reactions due to spontaneous emission.
The electron density required to maintain equiiid-
rium at the temperatures of this experiment is
0.6 x 1016 cm~3. The electron densities range from
k to 10 times greater than this minimum value for
the data to be presented.

It is, therefore, concluded that for the present
experimental conditions the plasma test slug
should reach equilibrium within one microsecond
after the passage of the shock wave, and to
remain in equilibrium throughout the test slug.
The plesma properties behind the incident shock and
the reflected shock should correspond to the
conditions predicted by the conservation equations
and equilibrium thermodynemics.

Presented in Figs. 5 through T ere the results
of the B3 line intensity distribution measurements
obtained for 12 shock tube runs. Fig. 5 presents
reflected shock data and Figs. 6 and 7 are incident
shock data. In each case the data are compared with
the computed line intensity using the equilibrium
plasma conditions corresponding to the measured
shock speed and initial pressure of the run (the
solid line), as computed us%g% the JPL thernmo-
chemistry computer program.

The dashed curves are least squares fit profiles
which were determined by verying the electron
density until the profile dest matched the measured
intensity. To do this required that the calculated
profiles first be normalized to pass througn the
measured points. The normalization factor was
chosen such that the average deviaticn of the
calculated profile from the measured points was
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2ero. The electron density was then varied a few
parcent, a new profile calculated and compared
with the measured points. This process was
repeated until the sum of the squares of the
average deviation was minimized. The final profile
gave the measured electron density corresponding to
the measured profile.

Without an additional experimental measurement
it is impossible to infer any other independent
- .plasma property from these measurements. Since
the overall magnitude of the line intensity is
dependent on both the temperature and the atom
number density, one must specify one of these. in
order to determine the other. It is observed,
however, that the line intensity varies with the’
10th or 12th power of temperature in this range
of temperatures. Therefore, a temperature
variation of 2 or 3% will cause the intensity to
vary 20 to 40%. On the other hand, the intensity
varies directly with the density. A 2 or 3%
density variation will only cause a 2 or 3% -
intensity variation. Since the measured intensity
is generally within 20% of the computed intensity,
it is possible to deduce from the data that the
plasma temperature is within 5% of the computed
temperature for all the runs examined, assuming
the density is reasonably close to the predicted
value.

Presented in Table 1 is a summary of 1% shock
tube runs. The last column is a ratio of the
best-fit measured electron density to the computed
equilibrium electron density. In general, the
electron density is within 20% of the computed.
value and on the average is sbout 10% low. 1In
all cases, the data represent the measured inten-
sity immediately behind the shock. Some runs
experienced a decrease in measured intensity
through the test slug. It is felt that this drop
in intensity represents a loss in energy due to
gas radiation.

The fact that radiative cooling is an
important phenomenon behind the incident shock
can be demonstrated by a closer examination of
run 288. In this case the radiative flux is high
and the test time is long so that the effect of
cooling is emphasized. Looking back at the photo-
tube outputs from run 288, shown in Fig. 9, it
can be seen that the intensity rises to a peak
level within 1} usec, then decreases slowly for
‘8 to 10 ysec until the arrival of the contact
surface. The line shape was measured just prior .
to the arrival of the contact surface and the
results are presented in Fig. Te along with the
shape measured Jjust behind the shock. The line
- intensity is over 50% lower than the equilibrium
line intensity.

In order to determine the thermodynamic
conditions corresponding to this new line shape,
the least squares fit technique was again used.
In this case both the temperature and electron
density were varied until the computed line shape
fit the experimental measurements. To do this
required an assumption regarding the process by
_Wwhich the gas went from one point to the other.
To simplify the analysis, two limiting cases were
used: flow at constant density (corresponding
to hypersonic cooling) and flow at constant
pressure (corresponding to incompressible cooling).

. In each case the precsure or density was held

constant at the equilibrium value behind the shock -
and the temperature a:d electron density was

varied to determine the best-fit profile. The
results are shown in Table 2.

The measured electron density in column 2 is
that obtained from the best-fit profile; the
equilibrium electron density corresponds to the )
temperature in column 1 and the equilibrium density -
or pressure behind the shock. The indicated ‘
temperature reduction is something between 10 and
20% depending on the flow process. Comparing the
measured and equilibrium density it is apparent
that the final thermodynamic state. corresponds
very nearly to an equilibrium condition. Thus,
the flow seems to be changing conditions while
remaining in equilibrium. This is consistant with
a cooling phenomenon as opposed to a nonequilibrium
phenomenon, such as de-excitation due to radiative
decay.

The importance of radiative cooling at these
conditions is further demonstrated by comparing
the radiative flux emitted by the test slug to
the energy convected through the shock wave intc
the test slug. tg)ratio, called the radiative
cooling parameter,

Frad? - (T
% P V'é A

where Frad 1s the isothermal rédiat:ive flux
emitted by the test slug, 1 is the density before

B ol

_the shock, Vg the shock velocity, and A is the

frontal area of the test slug. Radiative cooling
is important whenever this parameter is near 0.l
or is larger. Shown in Fig. 8 is I computed for

‘the present experimentel conditions of the

incident shock cases. All the runs -above

20 km/sec will be greatly affected by radiative
cooling. In fact, on several of the 18 km/sec
runs, initial pressure 133.3 N/m@ (1.0 mm Hg),
small amount of cooling was noticed.

V. Conclusions’

Using a fiber optics slit system to obtain
detailed spectral resolution, the H§ line intensity

‘profile has been measured in the shock tube for

several different plasma conditions. In all but

- one case, the measured intensity agreed tc within

20 to 50% of the computed intensity using
equilibrium shock tube thermodynamic conditions.
In terms of plasma conditions, the temperature was
found to be within a few percent of the predicted
temperature, and the electron density within 10
to 20% of the predicted electron density.

Radiative cooling was found to be an important
process behind the incident shock at shock speed:
of 20 km/sec and sbove. For one run the measured

"temperature dropped 10 to 20% through the test

slug. Since the measured electron density
indicated that thermodynamic equilibrium existed
throughout the test slug, it was concluded that
radiative cooling was responsible for the change in
flow properties. A calculation of the radiative .
cooling parameter verified the importance of cool-
ing at these conditions.
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Table 1. Surmmary of shock tube runs

RUN No. | CONFIG.| Py, Nim (mm hg) | Vs, kmis | T, K | NelNe ideal | RS Error
25 | RS | 33302 4.0 | 13,85 | 099 3.9%
22 RS 3330.25 | 120 |1225 | -0.935 6.2
253 Rs |- 333 0.2) 125 | 1260 | 0.790 0.5
51 RS 66.6 10.50) ‘mo |wool| o8 1.2
29 RS | - 66.6 (0.50) 129 | Bas | 0.8 19.8
23 s |- 1333000 - 7.0 [1,870 | 1.138 9.3
24 s | 13300 18.05 | 12,540 | 0.935 5.0
285 is 133.3 (1.0) 18.8 | 13,000 | 0.842 5.7
26 is 133.3 1.0)° 183 | 1260 | 1.0 5.0
81 Is 133.3 (1.0 183 | 1260 0.8 3.0
%8 is 33300 | 200 |1B70] 0719 6.2
20 IS 33.3 (0.25) 28 | Be0| 119 6.6
21 1S 33.3 (0.25) 2.4 | 1Bde0| 0.947 8.8
22 1S 33.3 (0.25) a4 | 1560 0.0 7.0
RS « REFLECTED SHOCK

IS = INCIDENT SHOCK

Table 2. Theoretical and measured conditions behind the incident shock,
vV, = 20.0 km/s, P} = 133.3 N/m?2

L Measured Equilibriurp Temperature
Conditions T, K Ne, l/em3 Ne, l/'cm3 reduction, %
Theoretical equilibrium conditions 13,710 - 0.465 x 1017 -

behind incident shock

Measured electron density imme- - 0.362 x 1017 - -
diately behind incident shock :

Measured conditions 20 cm 12,463 0.275 X 1ci? 0.288 X 1017 " 11.0
behind incident shock, assuming .
constant density flow

Measured conditions 20 cm behind 11,677 0,275 X 10}7 0.270 x 1017 11.5
incident shock, aseuming constant :
presaure flow

3556 7



(b) FIBER-FILLED SLIT

FIBER SYSTEM ;g ¥ %-5.':* ‘

Fig. 1. Photograph of fiber optics slit system
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I SLIT

NO. A um NO, A,
1 0.48693 5 0.48513
2 0.48648
3 0.48603
4 0.48558
ARRIVAL OF END OF
REFLECTED SHOCK  TEST
Oscillograms of HR spectral intensity measurements, run :
P, = 66.6 N/m=, V. = 12.5 km/s
SLIT SLIT
NO. A, um NO)\,u,m

VR 5 0.48538

2 0.48673 6 0.4849%3

3 0.48628

7 0.48448

4 0.48583

SHOCK END OF
ARRIVAL TEST
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Fig. 5. B spectral intensity data compared with the theoretical profile,
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